In the present study, we address theoretical approaches for the experimental results to investigate the flow dynamics of λDNA through a nanochannel in which two nanoelectrodes are integrated. In order to elucidate the relationship between the longitudinal ionic current and the electrophoresis of λDNA in the specific micro/nanofluidics, we develop a theoretical model for the macroscopic fluid dynamics in a Lagrangian framework. The measured current change associated with a single molecule translocation through the channel is explained by the principle of the Coulter counter that allowed to predict the conformation of λDNA. We also analyze the local velocity of λDNA passing through a nanoscaled confined channel. A result from the model is in considerable agreement with the experimental observations for the electrophoretic flow of λDNA. The basic knowledge obtained here may be useful in developing electrical methods for controlling the electrophoretic velocity of single-molecule DNA for realizing the nanopore sequencer.
Introduction
Deoxyribonucleic acid (DNA), which plays an important role in heredity, is a long chain macromolecule having a double-stranded helical structure with a diameter of 2 nm. Developments of high-speed sequencing technologies have resulted in remarkable progress in various fields, e.g., gene therapy, the prevention of infection diseases, food safety, bacterial identification, and criminal investigation (1) . In order to analyze the human genome much more quickly and with lower cost than currently available commercialized apparatus based on the Sanger method, an electrical sequencing method using solid-state nanopores appears promising (2) (3) . In recent years, increasing number of measurements of DNA translocation through nanopores have been reported (4) (5) . In these experiments, the ionic current through a nanopore was found to decrease at the moment when the DNA passed through it. This is because DNA acts as an insulator to block the ionic current. While this resistive pulse method has been widely utilized as a useful tool to study the electrokinetics of DNA, there is also a growing interest in developing the so-called electrode-embedded nanopores.
Unlike the resistive pulse method that monitors ionic current through a nanochannel/nanopore system, the nanopore detector can measure the transverse current across a pair of electrodes integrated in the pore in which the tunneling current flowing through each constituent nucleobase of DNA is expected to identify the base sequence with a single-base resolution (6) (7) . Recently, Tsutsui et al. (8) (9) executed pioneering experiments to demonstrate discrimination of single-nucleotides by measuring the tunneling current across a nucleotide-sized electrode gap. Based on their results, it is expected that label-free single-molecule sequencing with unprecedented long read length will be realized in the near future. In order to realize this novel system, however, it is essential to control the flow dynamics of single-stranded DNA in nanostructures. For example, in order to identify each base individually, the velocity of a translocating DNA molecule through a nanopore is an important design parameter considering the bandwidth of high gain current-voltage amplifiers usually limited to 10 5 to 10 7 Hz level. In this context, advanced techniques to control or predict DNA motion through the nanopore were investigated (10~13) . However, the detailed physics underlying the dynamics of DNA in nano-sized spaces remains to be clarified as various nano/micro-scale fluid dynamics phenomena become very complicated involving van der Waals force, Coulomb force, and also Brownian dynamics depending on the scale. In the present study, in order to elucidate the flow dynamics in a two-dimensional nanochannel, a theoretical model based on the macroscopic fluid dynamics with a Lagrangian specification is developed in order to estimate the velocity of λDNA through the confined space. In the model, DNA, which is assumed to have a pseudo-porous body, moves in the nanochannel driven by the applied electric field and the shear force on the surface.
As a first step, focusing on DNA translocation through the nanopore with electrophoresis, we consider a situation that an electric potential is applied only on a pair of longitudinal electrodes ( Fig. 1 ). Discussion about this basic situation is an important issue, since velocity control of translocating DNA is crucial for single base detection. Herein, we propose a theoretical model to estimate the velocity of DNA passing through a nanogap in nanochannel based on the experimental system. In the present case, any electric potential is not applied on nanogap electrodes and therefore, the electrode gap merely serves as a conduit for DNA translocation. The experimental results were reported (14) from the viewpoint of velocity change of λDNA transiting the nanopore by applying the transverse electric voltage. In this paper, we focus on a typical signal of λDNA to discuss the relationship between electrical signals and a flow dynamics. We first explain the experimentally observed ionic current blockages compared to the equivalent circuit, and a conformation change of DNA passing through the nanochannel is predicted. Assuming the conformation change, the translocation time of λDNA is also estimated theoretically. The deduced DNA velocity agrees with that estimated from the longitudinal electrical signals obtained in experiments using a nanofluidic device with nanogap electrodes embedded in the channel. This device is referred to hereinafter as an electrode-embedded nanochannel. The results obtained herein provide basic knowledge on dynamics of λDNA in a nanochannel and provide useful design data for advanced DNA sequencers with solid-state nanopore devices. The electrode-embedded nanochannel fabrication process used in the experiment is described below (15) (see also Fig. 2 ). The nanochannel is fabricated using a doped Si substrate coated with a SiO 2 thin film. A pair of Au electrodes with a separation of 100 µm is formed by a photolithography process. Pt is coated on both the top and bottom surfaces of the Au electrodes by sputtering in order to enhance the adhesiveness. Nanogap electrodes with a separation of 50 nm for detecting single DNA molecules are fabricated by electron beam (EB) lithography and radio-frequency magnetron sputtering processes followed by lift-off in N,N-dimethylformamide. Both sides of an Au thin film are coated by Pt in order to enhance adherence to the substrate. A Cr thin film is sputtered and a nanochannel is rendered using the EB lithography technique. The exposed Cr layer is then removed by wet etching, and the resulting Cr film was used as a mask for sculpting the nanochannel by reactive ion etching (CF 4 , 100 W). After removing the Cr mask by wet etching, the substrate and a polydimethylsiloxane (PDMS) block are bonded with each other in order to cover the channel after treating both the surfaces with oxygen plasma. Scanning electron micrographs of the nanochannel and the nanogap electrodes are shown in Figs. 3 and 4, respectively. The gap between the electrodes is designed to be 50 nm, whereas the average separation is 52 nm, as measured from the SEM image, and the standard deviation is 12.9 nm, due to the special accuracy of the EB lithography technique.
Nomenclature
A = Cross-sectional area (m 2 ) C = Permeation ratio of λDNA C = |u i /u DNA | (-) E = Electric fields (V/m) F = Force (N) h = Height (m) I = Current (A) I' = Electrical signal (A) l = Length (m) w = Width (m) R c = Equivalent resistance of nanochannel (Ω) R' c = Equivalent
Electric Detection of λDNA
In the measurement, λDNA is made to flow in the channel by applying the dc electric voltage V using two Ag/AgCl electrodes, which are placed in reservoirs outside the nanochannel. The ionic current generated by the reaction of AgCl + e − → ← Ag + Cl − for electrophoresis is monitored during the measurement. Figure 5 shows the longitudinal current, I, as a function of time, t. Rapid decrease in the electric current, indicating the blockage of ionic current by λDNA, appear twice in the figure. It shows that the duration from the start of the decrease in the electric current to the recovery of the steady state is typically on the order of 10 -3 s. Here, electric currents shown in Fig.5 are I exp =1.422×10 -8 A and I' exp =1.412×10 -8 A, respectively. When λDNA passes through the electrode gap, the longitudinal pathways of ions are partially blocked in the nanogap (5) . This principle is similar to the Coulter counter, and the characteristic signals obtained from the Ag/AgCl electrodes correspond to the DNA entering and leaving the electrode nanogap in the nanochannel. In the present study, we focus on the electrophoresis of λDNA in the nanochannel and discuss the flow velocity and the translocation time through the nanogap associated with the longitudinal currents.
Theoretical Background for the Decrease in the Longitudinal Current
When the λDNA is suspended in a buffer solution, the charge of λDNA is shielded by counter cations in the solution. The charge q of λDNA is estimated considering the electric shield effect by the solvent as (16) 
The applied voltage along the x-direction is V = 0.5 V in the present condition. The effective voltages on each part in the experimental system are simply represented by an equivalent circuit, as shown in Fig. 6 . If the channel walls are assumed to be insulators, the resistance, R i , of a rectangular channel is estimated to be
ρ denote the length, the cross-sectional area of the channel, and the resistivity of the buffer in the nanochannel, respectively. The subscript i is replaced by "c", "e", or "r", which correspond to nanochannel, nanogap electrodes, or reservoir, respectively. Then, the resistance, R c , at the nanochannel, the resistance, R e , at the nanogap electrodes, and the 
where h c , w c , l c , h e , w e , and l e are shown in Fig. 1 , l r = 2 mm, and S E = 6.3 mm 2 . Here, S E denotes the cross-sectional area of the electrode for electrophoresis. A longitudinal ionic current corresponds to the current flowing in the equivalent circuit. The resistivity, B ρ , of the solvent is obtained by considering the translocation of ions in a buffer as described below
where e, µ, n, r and Z denote the elementary charge, the viscosity, the number density of ions, the ionic radius in the buffer, and the charge number, respectively. In our experiment, 0.1 M KCl was added to the buffer and Cl − is the dominant carrier of ionic current due to the electrochemical reaction near the Ag/AgCl electrodes. On the other hand, the provision of K + ions will be suppressed and the flux is negligibly small in the steady current condition. Hereafter, we focus only on the effect of Cl − due to the reason above and, in the last part, additionally comment on a case when K + is also treated as a positive carrier. Assuming the fully dissociated electrolyte, we get n=0.1 M, Z=1, and r=181 pm as the ionic radius of Cl − . We also assume µ=1×10 -3 Pa·s (17) . These parameters result in ρ B =2.208 Ω·m.
From this theory, background current obtained when the nanogap is filled with solvent can be estimated as a current of the equivalent circuit as below 
Here, the resistance of the reservoir part and the others can be neglected in the circuit, since they are much smaller than that of the nanochannel and the nanogap that have extremely small cross-sections. This value of I theory is smaller than the experimental I exp . A reason why I exp and I theory show the difference depends on the background current that can be different in each individual device. There is a possibility of leakage current that flows through the other current paths between the PDMS and substrate surfaces. Although the leakage current may not be suppressed enough to considerable low level due to difficulties in the leading-edge fabrication processes, the constant background current does not affect the DNA translocation in the nanochannel. Here this background current is denoted by I bg ,
When a λDNA molecule comes into the electrode nanogap, it partly blocks the transport of electrolytes along the channel. Corresponding to R e in Fig. 6, the 
where ∆w e denotes the interval from the side wall to the DNA molecule, and ∆h e denotes the interval from the top/bottom wall to the DNA molecule in the nanogap region as shown in Fig 7 (18) . In this study, it is assumed that an entangled λDNA stays outside the nanochannel for a while due to the entropic trap, since the radius of gyration, R g , is too much larger than the channel size. When a part of the aggregated structure occasionally comes into the channel, the DNA chain deforms and passes through the nanochannel and nanogap sequentially. On the other hand, the detailed deformation process has not yet been fully clarified and this is an open question to be solved. We are also planning to perform numerical analysis for this issue using a coarse-grained model (19) (20) . In the present model, it is assumed that the DNA molecule is usually separated from the walls by clearances of ∆w e and ∆h e . In the nanochannel, the same assumption is adopted to estimate c R′ . Then the ionic current I' when λDNA is passing through the channel is described as below From the experimental data, we determine ∆h c , ∆h e , ∆w c and ∆w e . The deformation dynamics of λDNA is not considered in the present model. Deformations of DNA are inevitable when transiting nano-sized confined spaces, because the R g of λDNA, which is known to 690 nm in bulk water, is much larger than the channel size. However, for simplifying the translocation phenomena, we assume that a cross section of weakly aggregated λDNA has a square shape. In this case, because of the structure of nanochannel, ∆h c =∆h e =∆w e =∆h and ∆w c = ∆h+ 175 ×10 -9 nm are defined as shown in Fig. 7 . The electric current, I' theory , when λDNA is passing through the nanogap and nanochannel is obtained from the relationship as below 
From Eqs. (7) and (8), we can obtain ∆h c =∆h e =∆w e =15.0 nm and ∆w c =190.0 nm. The order of this value of clearances agree with our previous experiment and simulation results with respect to the probability distribution of λDNA in a nanochannel (21) , where the DNA is considered to move along the central axis of the channel. Omitting the density distribution of ions near the electrodes and the channel walls and assuming Ohm's law, I theory may provide a rather rough estimation. However, this result is the first step in the precise prediction of ionic current changes.
Theories for λDNA flow in an electrode-embedded nanochannel
In a previous study (16) , we investigated the flow dynamics of weakly aggregated λDNA confined by solid walls of a narrow channel. The channel consisted of a nano-sized slit. It was observed that the flow velocity of λDNA by electrophoresis could be controlled under the physical confinement. In our theoretical model, we assumed that the flow velocity depended on the clearance between the channel wall and the surface of the λDNA molecule, which could be determined by optical observation. The ratio of the clearance to the channel height was estimated to be almost equal according to the experimental data and was 0.462 for the slit heights of 330, 430, and 650 nm. In the proposed model, two-dimensional confinements in the narrow channel are taken into account in both the y-and z-directions. λDNA that moves along the x-direction passes through a pair of nanogap electrodes located at the center of the nano-sized channel. The drastic change in the cross-section size is expected to be effective for controlling the rate of the flow dynamics. In order to elucidate this phenomenon, theoretical model based on Lagrange methods in fluid dynamics is developed. In this model, we improve the previous theoretical model (16) in order to treat two-dimensional confinements. The detail of the model is described mathematically in the following. Figure 7 shows a schematic diagram of the proposed model in the Cartesian coordinate system. Our previous model was modified to treat the present case, where λDNA translocates the nanochannel interacting with the nanogap electrodes that confine the λDNA in both the y-and z-directions. Here, it is assumed that the Coulomb force and the viscous drag on λDNA dominantly accelerate the translocation in the channel and that effects of the electroosmotic flow of the solvent on the DNA are negligible. λDNA is deformable in the immiscible fluid body, and the surfaces of the aggregated molecule are assumed to be parallel to each side wall. The vertical faces of the aggregated λDNA are parallel to the xz-plane, and the horizontal faces are parallel to the xy-plane. The vertical and horizontal faces in the nanogap area are denoted by Se y and Se z in the same manner, in the nanochannel area, as defined in Fig. 7 .
The clearance such as ∆h or ∆w is theoretically determined by the force balance on the DNA molecule near the solid surface. The repulsion force is due to the Coulomb force, and the attractive force may arise from the mutual diffusion, Brownian dynamics, van der Waals force or the expansion force from the aggregated DNA. The force balance must be strongly dependent on the temperature. In this section, ∆h e = ∆w e = ∆h c = 15.0 nm and ∆w c =190.0 nm defined by the analysis of electrical signal explained in the section 2.3 are adopted, as a first step. A basic equation is constructed based on our previous study of a λDNA molecule moving through a nanoslit. λDNA moves through the nanochannel and nanogap with velocities of DNA u . In addition, an internal flow with velocity i u in λDNA is taken into account. The relationship between these velocities was determined experimentally to be as follows:
where the coefficient C = 0.8 denotes an empirical permeation ratio (16) . The velocity in the clearance is assumed to vary linearly from 0 m/s on the wall to u i at the surface of the µ and ρ denote the viscosity and density of the continuous phase, respectively. The total force exerted on the λDNA molecule is described as
Under the present condition, F p is negligibly small compared with the other terms, because of very small u DNA (16) . The locally applied voltage V i can be estimated from the ratio of resistance and the combined resistance as follows:
Each electric field, E i , is estimated by simply dividing the voltages by the lengths, as shown in Fig. 6 . Moreover, E r = V r /l r = 1.42×10 -2 , E c = V c /l c = 1.28×10 5 , and E e = V e /l e = 1.03×10 6 V/m, where E r is small enough to ignore in comparison with E e and E c . Considering 15 10 73 . 3 − × − = q C from Eq. (1) (16) and the ratio of the nanochannel or the nanogap to the volume of λDNA, DNA u can be derived from Eqs. (10) and (12) and the equilibration between the viscous drag and the Coulomb force in the steady state, such that Fig. 8 . Histogram of the duration of λDNA passing through the nanogap obtained by experiment (14) . Blue band indicate the possibility of the duration of DNA passing through the nanogap by our theory. by our theoretical model. A conformation of λDNA during passing through the nanogap is predicted according to the strength of the electrical signal. When the λDNA is held, the decreasing of electric current is relatively high, because the volume of λDNA that occupies the nanogap space becomes large and ion translocation is highly blocked. In the present experiment, it is found that λDNA could translocate with 4-folded conformation at the maximum. The total length of λDNA is calculated as 16.5 µm by multiplying the distance of each base pairs of 0.34 nm by the number of base pairs of 48,502 bp. This value corresponds to the end-to-end distance of λDNA when λDNA is fully-stretched. When the λDNA is in the state of 4-folded form, the net length can be estimated as 16 
(16) Figure 8 shows the comparison of the theory and the previous experiment (14) . The histogram shows dispersion of the experimentally obtained translocation duration of λDNA through the nanogap electrode. The range of theoretical evaluation, as shown by the light gray area in the graph, is in good agreement with experimental data. Additionally, if K + is also taken into account as a positive charge carrier whose radius is 0.133 nm, the translocation time is evaluated as τ min =1.65×10 -4 s and τ max =8.24×10 -4 s.
Although electrolyte ions are known to form hydration shells in equilibrated aqueous solution (22) , the effect of hydration shell around Cl − is ignored as a first step, since the molecular structures in a non-equilibrium flow under the excessively strong electric fields should be discussed in more detail. For the reference, if we take into account the hydration shells, the effective radius of Cl − is estimated to be 0.425 nm (22) . In such a case, from Eq. 10 -3 s and τ min =6.00×10 -4 s. Then, the peak of the histogram in Fig. 8 is out of the range from τ min to τ max . This is because, when the effect of hydration shell is considered, the electric resistance of the solution is underestimated compared with the experimental one, 1.2853 S/m (23) . It can be proposed that the model without a hydration shell is more acceptable. On the other hand, it is an open question how water molecules behave in very narrow spaces interacting with solute ions. Details must be studied in continuous studies.
These results show that we can estimate the DNA translocation time through the nanogap using our model. This model can be utilized as a desirable tool to design the nanopore DNA sequencers.
Conclusions
The flow of λDNA through the electrode-embedded nanochannel was analyzed theoretically. The primary findings of the present study are as follows.
(1) We explained the mechanism of spike-like ionic current drops observed when λDNA passed through the nanogap by using a simple electric circuit model. The conformation change of λDNA could be predicted by comparing the experimental data with the theoretical model.
(2) We constructed a mathematical model based on Lagrangian approach in order to estimate the translocation time of λDNA molecules that passed through the nanochannel.
(3) We analytically obtained the velocity DNA u and the minimum and maximum translocation durations τ min and τ max , respectively, for λDNA from entering to leaving the nanogap electrodes, replicating the experimental conditions. The results were found to be in reasonable agreement with the experimental data. The basic knowledge obtained here may be useful in developing a next generation DNA sequencer using solid state nanopores.
